Introduction
All states that have signed the treaty on the non-proliferation of nuclear weapons as non-nuclear weapon states have to provide detailed accounting records of their fissile materials to the International Atomic Energy Agency (IAEA). Plant operators have to determine the amount of reprocessed nuclear materials as accurately as possible. Isotope dilution mass spectrometry (IDMS) is one of the most reliable analytical techniques and is widely applied for the measurements of uranium and plutonium in spent fuel in nuclear reprocessing plants. Basically, IDMS requires a well-characterized spike for achieving the highest level of accuracy. [1] [2] [3] [4] [5] Solid spikes containing 235 U and 239 Pu have been successfully utilized in IDMS in safeguards inspections by IAEA and in accountability analysis for the operator at the Tokai reprocessing plant (TRP). They contain relatively large amounts of uranium and plutonium isotopically different from the uranium and plutonium of the sample and are usually in the dried nitrate form: the so-called large-size dried (LSD) spikes. 6, 7 The main advantages of using LSD spikes are as follows: 1) Sampling can be carried out with undiluted sample solutions; this avoids quantitative dilution and simplifies the weighing process in a shielded cell, where operations usually have to be carried out, and 2) the LSD spikes are relatively insensitive to cross-contamination because of the large (mg) amounts of the elements in both samples and spikes. However, it is difficult to maintain and guarantee the integrity of LSD spikes over periods of more than a few months as they are in the dried nitrate form which easily flakes off the surface of the glass ampoule containing the spike. As a solution to this problem, an organic coating was applied by the Institute for Reference Materials and Measurements (IRMM) to earlier batches of the IRMM-1027 series to stabilize the uranium/plutonium nitrate using tetrahydrofuran (THF), which forms stable complexes with uranium and plutonium. [8] [9] [10] [11] A protective organic film is an accepted method for stabilizing dried nitrate of uranium and plutonium. This type of LSD spike has yielded successful results so far: for example, the series of IRMM-1027 as well as IRMM-1029. 9 However, preparation of the THF coating is a slow process, requiring several days drying, and the coating is not easily decomposed in nitric acid.
We have therefore investigated some other alternative organic coatings in this study. Earlier investigations concentrated on the applications of well-known organic esters of cellulose which have already demonstrated on metal spikes [12] [13] [14] that they can protect the spikes from oxidation and can prevent dissolution in nitric acid at room temperature. acetate butyrate (CAB) 15 is an ester for which the hydrogens of the hydroxyl group are completely replaced by acetyl (CH3CO) and butyryl (C3H7CO) groups. This ester dissolves easily in many organic solvents, in particular in ketones, and can easily be prepared as a thin film. Although CAB is sufficiently nonhygroscopic and is stable toward hydrolysis, it is susceptible to hydrolysis by acid. In particular, strong oxidizing agents or vigorous reaction conditions convert CAB into CO2 and H2O, 15, 16 whose characteristics can be considered to have no influence on IDMS analysis. Therefore, we chose CAB for this work, after taking into account the following properties of CAB film, which meet the requirements of uranium/plutonium covering: 1) sufficient mechanical strength, 2) dissolvability in an appropriate organic solvent, 3) good adherence to glass, 4) resistance to ageing, 5) minimal moisture uptake. 6) The material dissolves completely or is destroyed in warm nitric acid and 7) it is stable over long periods of time. Various cellulose-based materials showed promise; the best of these, CAB, which was also used for coating of metal spikes, was chosen for the coating of the dried nitrates. This paper describes the preparation, certification and verification of LSD spikes as a new batch of IRMM-1027f coated with CAB.
Experimental

Chemical and reagents
Certified for plutonium) were used to calibrate the mass-fractionation in all mass spectrometry measurements. Cellulose acetate butyrate (CAB, butyryl content 17%) was obtained from Acros Organics (New Jersey, USA). The conventional LSD spikes used were provided by International Atomic Energy Agency (IAEA, Vienna, Austria). All commercial chemicals were of analytical grade and were used without further purification. All water was deionized and sub-boiled-distilled.
Preparation of the synthetic mother solution
The contents of a number of sealed vials of certified plutonium metal, CETAMA MP2, were weighed to determine the absolute masses. Weighings were performed with buoyancy correction and calibration by standard weights ensuring traceability to the SI, and the materials were subsequently transferred into a pre-prepared 3L-quartz flask. The metal was dissolved by the addition of 250 mL 14 M nitric acid plus 2 drops of hydrofluoric acid, heating below the boiling point for several days and then repeating the additions of nitric acid and heating.
Certified reference materials, uranium metal EC-101 and 93% enriched uranium metal NBL CRM-116, were etched with nitric acid, washed with water and acetone as described in their certificates and weighed. The two fractions were transferred into the above flask to dissolve together after complete dissolution of plutonium.
Subsequently, the appropriate amounts of concentrated nitric acid and distilled water were added to adjust the solution to 5 M nitric acid and to give concentrations of approximately 0.8 mg/g for plutonium and 20 mg/g for uranium. Afterward, the solution was weighed to determine the exact concentrations. The whole preparation procedure is given in Fig. 1 .
Preparation of LSD spike-aliquoting, drying and organic coating
Aliquots of the mother solution of about 2.5 g were transferred into 10 mL-penicillin vials using a commercially available dispenser which was connected to a 1 L-Teflon bottle containing the mother solution. The mother solution bottle was also connected with a second bottle containing 5 M nitric acid to maintain the vapor pressure and avoid any evaporation during aliquoting. Each vial contained 2 mg of plutonium and 50 mg of uranium. Weighings were carried out on an analytical balance (Mettler AE-163) by weighing the vial before and after transfer of the aliquot into the vial. The evaporation effect during aliquoting was also checked for the first ten samples by weighing a 10 mL-syringe before and after dispensing. Furthermore, a standard weight of 2.5 g with an empty vial was weighed every 10 times in order to check the response of the balance.
The drying was carried out on a hot-plate equipped with a sensor for controlling the surface temperature. This temperature was increased up to a maximum of 60˚C and the vials were kept at this temperature for several days to evaporate the solution to dryness. The dried uranium/plutonium nitrate was then covered with CAB to stabilize on the bottom of each vial.
Verification measurements
Before aliquoting the prepared mother solution into 10 mLpenicillin vials, we verified the element content of the solution by IDMS. Six aliquots of 1 g from the solution were weighed and each was spiked with 5 g of IRMM-046b, a mixed spike of 233 U and 242 Pu. An aliquot of 1 g was also taken from the mother solution for isotopic analysis by thermal ionization mass spectrometry (TIMS). The spiked solutions were evaporated to dryness and the remaining materials were dissolved in 200 μL 2 M nitric acid. To achieve isotopic equilibrium, we added 50 μL 1.25 mol/L iron(II) chloride to reduce Pu(VI) to Pu(III). Subsequently, 100 μL 1 mol/L hydroxyl ammonium chloride were added and 100 μL 1 mol/L sodium nitrite were added to oxidize Pu(III) to Pu(IV). Finally, 430 μL concentrated nitric acid were added to obtain Pu(IV) in 8 M nitric acid media.
The separation was accomplished by passing the solution through an anion-exchange column (Bio-Rad AG1-X4, 100 -200 mesh). Uranium was eluted with 8 M nitric acid and plutonium with 0.35 M nitric acid. The same purification procedure was performed 3 times in total for uranium and 4 times for plutonium to avoid isobaric interference between 238 U and 238 Pu in the TIMS measurement. Both purified fractions were evaporated and dissolved in 1 M nitric acid to give concentrations of 1 mg/mL for plutonium and 5 mg/mL for uranium. Each prepared sample solution was loaded onto rhenium-filaments for TIMS measurements. The filaments were degassed prior to use to remove volatile impurities. One microliter of the samples (5 μg U or 1 μg Pu) was loaded using a transfer pipette. The droplet was dried by passing an electrical current through the filament. The sample turret, complete with evaporation/ionization filaments and extraction plates, was loaded into the mass spectrometer.
The isotope ratio measurements on the prepared sample were performed by TIMS (sector field mass spectrometer and double filament technique) using a Finnigan MAT 260 for uranium and a Finnigan MAT 261 for plutonium.
For uranium, measurements were carried out on the single Faraday collector by magnetic scanning; a secondary electron multiplier (SEM)
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ANALYTICAL SCIENCES FEBRUARY 2008, VOL. 24 was used for the determination of the minor isotopes. For plutonium, the measurements for the determination of the isotopic composition were carried out with a single collector by magnetic scanning; SEM was used when necessary for the minor isotopes. The measurements of the 239 Pu/ 242 Pu ratios of the blends and of the synthetic mixtures to calibrate the mass spectrometer were performed in static mode using the double collector.
The ion currents were generated by highly reproducible filament heating procedures.
The rhenium ionization filament was heated until a set current at m/z position 187 was produced.
Filament temperatures were mainly monitored via the ion currents produced by the ion beams at m/z 187 ( 187 Re + ) for the ionization filament and at m/z 239 ( 239 Pu + ) or 238 ( 238 U + ) for the evaporation filament. Subsequently, the isotope abundance ratios were measured for each filament over a period of about 100 min. During this period, 5 (plutonium) or 7 (uranium) groups of ratios were measured. Each group represented 7 scans, during which the ion currents of the isotopes involved were measured. A computer program calculated directly the isotope abundance ratios at time (t) as the mean values of these scans. The results of the 5 or 7 groups per filament were then fitted versus time using a linear least squares fitting program. A regression time to provide the isotope abundance ratios was chosen at t = 60 min and the values corresponding to that time were used in all further calculations.
The determination of the correction factor for systematic errors, mainly mass fractionation, was carried out for plutonium by means of synthetic 239 Pu/ 242 Pu isotope mixtures (IRMM-290). For uranium isotopes, measurements were calibrated with the IRMM-183, IRMM-184, IRMM-185, IRMM-186 and IRMM-187 isotopic reference materials.
For verification of CAB-covered LSD spike as a product in this study, six prepared samples were also selected randomly and 8 g of IRMM-046b as a reverse IDMS spike was weighed into each sample vial. This spiked sample was evaporated until near dryness and 7 mL 8 M nitric acid was added to decompose the CAB. The solution was evaporated at 70 -90˚C and the residue was redissolved in 2 mL of 8 M nitric acid. Subsequently, the chemical separation and TIMS measurement of uranium and plutonium were carried out in a similar manner to that mentioned above for analysis of the mother solution.
The concentration of uranium and plutonium, C, determined by the IDMS, was calculated by the following formula:
where Cy is the element content of the spike used in verification measurements, mx and my are the masses of sample and spike, respectively, Rx, Ry and Rb are the isotope amount ratios of the sample, the spike, and the blend, respectively, and Σ(Ri)x and Σ(Ri)y are the sums of all isotope amount ratios in sample and in spike, respectively.
Results and Discussion
Optimization of coating and dissolution conditions of CAB Before we applied CAB as an organic coating of LSD spikes, preliminary experiments were carried out to study its solubility in organic solvents and its possible use as a thin film to stabilize LSD spikes and to optimize the coating conditions and subsequent dissolution in warm nitric acid. As a result, a solution of 10 wt% CAB in acetone was found to yield an excellent film, adhering very well to the glass. It was also found that the complete dissolution of the CAB film could be achieved with 8 M nitric acid and by heating at 7˚C for 30 min. Based on these observations, the following procedure was used: about 0.25 mL of a 10 wt% CAB acetone solution was added to the dried LSD spike by pipette. The samples were then dried at room temperature for 1 or 2 h in a well-ventilated place in a glove box to accelerate the evaporation and to avoid the CAB solution traveling up the vial during the later drying stage. Subsequently, the vials were heated on a hot plate at 50 -60˚C for 1 to 2 h to ensure complete dryness. The vials were then capped with a rubber stopper, removed from the hot plate and allowed to cool down to room temperature. The result was the formation of a glassy material that firmly adheres to the bottoms of the vials.
Verification measurement results and certification
The fundamental data of the synthetic mother solution are given in Table 1 , where the listed values were calculated on the basis of the data given by the weighings and certificates of the starting materials. The uncertainties for the uranium and plutonium concentrations were calculated by applying the GUM workbench, Metrodata GmbH, Germany, which is commercial software based on the guidelines in the ISO/BIPM guide 17 and the EUROCHEM guide. 18 All uncertainties indicated in this study are expanded uncertainties:
where uc is the combined standard uncertainty estimated following the ISO/BIPM Guide to the expression of uncertainty in measurement. 17 They are given in parallel with our obtained values and include a coverage factor k = 2, 95% confidence level.
Because the starting materials were metals certified for amount content, the main contribution to the certification values arises from the mass metrology.
However, verification measurements were carried out on the mother solution and on the CAB-covered vials by IDMS to verify the fundamental data of the synthetic mother solution given in Table 1 .
The concentrations of uranium and plutonium in the mother solution were experimentally determined by IDMS spiking with IRMM-046b, as shown in Table 2 . The measured values for both elements then agreed within the expanded uncertainties with the values calculated from the mixing of the certified plutonium and uranium metals as starting materials.
The isotopic abundances of uranium and plutonium measured by mass spectrometry are summarized in Table 3 . There was no significant difference between the expected values for uranium and the measurement results of the isotopic analyses. No certified values of the isotopic abundances exist for CETAMA MP2 so the values for plutonium in Table 3 are those subsequently used for certification of IRMM-1027f.
In order to verify the fundamental data of the individual unit of IRMM-1027f and to make sure that there is no interference by the addition of CAB, we also determined the concentrations of the uranium and plutonium by IDMS. Table 2 lists the result together with the expected values. It was also found that the measured values for both elements agreed within the expanded uncertainties with the expected values and that there was no effect on the measured result due to the addition of CAB.
The certified values for uranium and plutonium amount contents were finally determined by the use of weighted mean values calculated from the make-up value and verification measurements results. The isotopic abundances as calculated from the two certified metals of uranium were verified by TIMS measurements on the mother solution. No certificate for the isotopic abundances of Pu metal existed and therefore the isotopic ratio were measured on the mother solution and these values were applied to the certificate. The final certificate indicating the amount concentrations and isotopic ratios is given in Table 4 .
Validation analysis compared with conventional spikes
A series of LSD spikes prepared with CAB more than three years ago in this study was transported from IRMM to TRP and was tested to confirm the long-term integrity and to verify the feasibility of the application of the proposed spike to a real sample, by means of the IDMS determination of uranium and plutonium concentrations in spent fuel dissolver solutions of TRP. This trial was compared with conventional spikes provided by IAEA, which have no organic stabilizer and have been successfully used in accountability analysis as well as inspection analysis at TRP for more than 15 years. All the measurements of six batches of the samples were performed on a basis of duplicate spiking (n = 2) for each batch using both spikes. The method used in this experiment was a combination of anion exchange chromatography and extraction chromatography 19, 20 for the separation of uranium and plutonium, which has been applied to routine analyses at TRP. The sample solution after spiking was heated for 30 min at 95˚C and was then loaded on an anion exchange column (Bio-Rad AG1-X4, 100 -200 mesh) to separate the uranium and plutonium. The plutonium fraction was then loaded on a TEVA column (Eichrom Industries, Darien, IL, USA) to obtain a pure Expected value a. The numbers after "±" are the expanded uncertainties, k = 2. plutonium fraction before the TIMS measurement. As a result, the relative scatters of duplicate measurements obtained by IAEA and IRMM spikes were found to be within 0.2% for both uranium and plutonium. This result indicates that both types of spike have enough precision for experimenters to perform analyses of actual samples. The uncertainties for the uranium and plutonium concentrations were then estimated based on the ISO/GUM calculation. Table 5 shows the determined concentration and the calculated uncertainties at 95% confidence level (k = 2) for uranium and plutonium, respectively. The differences between the data sets obtained from the two spikes are also listed in Table 5 . Overall, excellent agreement was found between the determined concentrations.
Solubility and long-term stability of CAB-coated spike
The verification measurement results show that the CABcoated spikes dissolve in warm nitric acid readily, that a homogeneous solution is obtained and that the presence of the CAB does not affect the IDMS analysis process using the conditioning and separation scheme described above. The spikes could be easily dissolved in 8 M HNO3 in actual field solutions as well. The stability in CAB-coated condition was also identified by the experiment carried out using the spikes that were produced more than three years ago and transported from IRMM to TRP. We therefore consider that this new type of LSD spike developed here can be effectively used for the routine analysis of spent fuel dissolver solution with an advantage of long-term stability at least for three years.
Conclusions
A new type of LSD spike using a covering of CAB as an organic stabilizer was proposed as a candidate reference material for the IDMS determination of uranium and plutonium contents in spent-fuel dissolver solutions of reprocessing plants. The reference material was prepared by precise weighing of uranium metals and plutonium metal, dissolution in nitric acid, subsequently dispensing by weighing into individual units, drying and conditioning with CAB. IRMM-1027f is delivered in individual penicillin vials, each containing about 50 mg U and 2 mg Pu. The characterization of the spikes was based on the fundamental data, the certificate of the base materials and the verification measurements. The certified values were based on the weighted mean of the gravimetrical value and the verification measurements. The appropriateness of CAB was also investigated and was proven in a series of analytical exercises with actual samples at TRP utilizing conventional LSD spikes as a comparator. The material prepared in this work is commercially available as a series of reference materials IRMM-1027, can be purchased from the IRMM Geel, Belgium, and can be applied to the nuclear safeguards measurements of uranium and plutonium in reprocessing plants. Determined with IAEA spike a. The numbers after "±" are the expanded uncertainties, k = 2.
